ABSTRACT
The Wnt/Frizzled (FZD) signaling cascade is important for cell fate determination during embryonic development as well as maintaining tissue homeostasis in the adult. In addition to these physiologic roles, studies have shown that deregulation of Wnt/FZD signaling occurs during carcinogenesis. As an example, over 90% of the colorectal cancers have mutations in adenomatous polyposis coli (APC) or beta-catenin genes. In addition, hepatocellular carcinoma (HCC) is another tumor with frequent aberrant activation of beta-catenin signaling. Nuclear and/or cellular beta-catenin accumulation, a hallmark of the activated canonical Wnt/FZD signaling, has been observed in 33-67% of tumors. However, mutations of APC and/or beta-catenin genes are found only in about 20-30% of HCCs, suggesting that the predominant mechanism(s) activating Wnt/FZD signaling pathway may be different from that found in colorectal cancers. There is accumulating evidence to suggest that regulatory mechanisms other than mutations involving beta-catenin or proteins in its destruction complex, many of which involve upstream components of the Wnt/FZD cascade, are important in HCC. Furthermore, information on the target genes of Wnt/FZD signaling and their roles in hepatocarcinogenesis is limited despite the recent discovery of several candidate genes. This review focuses on the alterations of Wnt/FZD signaling pathways and their relationship to the pathogenesis of HCC. A better understanding of the precise mechanisms of altered Wnt/FZD signaling may provide new molecular targets for therapy of HCC.
OVERVIEW OF THE WNT/FZD SIGNALING

Wnt ligands and their receptors
The name Wnt originates as a fusion of two orthologous genes: Wingless, a Drosophila segment polarity gene (1) and Int-1, a mouse protooncogene (2). The Wnt family of genes encodes 350-380 amino acid proteins and 19 Wnt ligands have been identified in humans. They are a large family of secreted glycoproteins and highly conserved throughout evolution from Drosophila to mammals. The Wnts play essential roles in generation of cell polarity, embryonic induction, cell fate determination and tissue homeostasis. Transcription of Wnt family genes is regulated in a precise temporal and spatial manner during development (3, 4). The Wnt signaling pathways are classified into three major groups. First, in the canonical pathway, Wnt ligands activate their target genes via beta-catenin stabilization and subsequent translocation into the nucleus. This pathway is important in axis development of Xenopus laevis, in segment polarity and wing development of Drosophila melanogaster and during human carcinogenesis (3). A second pathway involves RhoA and Jun Kinase (JNK) and regulates the polar arrangement of cuticular hairs in Drosophila or the convergent-extension movements in Xenopus embryos (5). The third cascade involves intracellular calcium release and activation of protein kinase C (PKC) and calmodulindependent protein kinase II (6-9). According to the pathways involved, Wnt ligands can be subdivided into members of Wnt1 class (Wnt1, Wnt3, Wnt3a, Wnt7a, Wnt7b and Wnt8a) and the Wnt5a class (Wnt4, Wnt5a and Wnt11). Members of the Wnt1 class activate the canonical Figure 1 . Overview of the canonical Wnt/FZD signaling pathway. A. Under resting condition, the cytoplasmic beta-catenin is bound to its destruction complex, consisting of APC, axin/conductin, and GSK-3beta. After CK1 phosphorylates on Ser 45 residue, beta-catenin is further phosphorylated on Thr 41, Ser 37, and Ser 33 residues by GSK-3beta. Phosphorylated betacatenin is recognized by ubiquitin ligase beta-TrCP and undergoes ubiquitylation and degradation. Therefore, the cytoplasmic level of beta-catenin is kept low in the absence of Wnt/FZD signaling. If beta-catenin is not present in the nucleus, the LEF/TCFs cannot activate the target genes. The WIF-1, sFRP, and/or Dkk can inhibit the Wnt/FZD signaling by binding to Wnt ligands or LRP5/6. B. When Wnt binds to both FZD and LRP5/6, Dsh is recruited and phosphorylated by FZD. Phosphorylated Dsh in turn recruits axin, which dissociates the beta-catenin destruction complex probably by Frat1-mediated mechanism. Therefore, betacatenin escapes from phosphorylation and subsequent ubiquitylation, and accumulates in the cytoplasm. The accumulated cytoplasmic beta-catenin goes into the nucleus, where it binds to LEF/TCFs and activates the transcription of target genes.
pathway whereas those of the Wnt5a class stimulate intracellular calcium signaling (10) . The Wnt ligand involved in planar cell polarity pathway is still unknown in Drosophila, but Wnt5a and Wnt11 have been suggested to activate the homologous pathway in vertebrates (5).
Wnt ligands bind to seven transmembrane proteins called Frizzled (FZD) receptors as shown in figure 1. At present, 10 FZDs have been discovered in humans. All FZD receptors have a highly conserved cystein-rich domain (CRD) considered to be the ligand binding motif followed by a linker region, a seven-transmembrane domain and a C-terminal cytoplasmic region that is essential for receptor signaling (11, 12) . Most Wnt ligands will bind to multiple FZD receptors and vice versa. The pathway is probably regulated by the various affinities between FZD receptors and different Wnt ligands (13, 14) .
The canonical pathway is only activated when the Wnt ligand is associated with both FZD and LRP5 or LRP6 coreceptors, which are members of the single transmembrane low-density lipoprotein receptor-related family (LRP) (15, 16) . In addition to these interactions between Wnt ligands and their receptors, several other components are involved in ligand-receptor binding. Wnt-inhibitory factor-1 (WIF-1), secreted Frizzled-related protein (sFRP) and Cerberus in Xenopus can bind to Wnt ligands and inhibit signaling (6, 17, 18) . Dickkopf (Dkk) also inhibits the canonical pathway by binding to LRP co-receptors (19) or to Kremen, which forms a tertiary complex with Dkk and LRP6 (20) . and alpha-catenin, thereby forming adherent junctions between cells (21) . In the absence of Wnt/FZD signaling, the cytoplasmic beta-catenin is bound to its destruction complex consisting of casein kinase 1 (CK1), APC, axin or its homologue conductin, glycogen synthase kinase-3beta (GSK-3beta) and diversin. CK1 phosphorylates betacatenin at Ser 45 as a priming site followed by phosphorylation of Thr 41, Ser 37 and Ser 33 residues by GSK-3beta. Phosphorylated beta-catenin undergoes ubiquitylation and degradation by the ubiquitin ligase betaTrCP. Therefore, the cytoplasmic level of beta-catenin is low in the absence of Wnt/FZD signaling (6).
Binding of Wnt to the FZD receptor leads to phosphorylation of the downstream molecule Dishevelled (Dsh). Phosphorylated Dsh recruits axin which results in the dissociation of the destruction complex. The precise mechanism(s) exhibited by phosphorylated Dsh is unknown although Frat1 may be involved in the dissociation of GSK-3beta from axin. Upon the dissociation of the destruction complex, betacatenin escapes from degradation and becomes stabilized leading to accumulation in the cytoplasm. The increased free beta-catenin translocates to the nucleus and acts as an essential component for transcription factors of the lymphoid enhancing factor/T-cell factor (LEF/TCF) family (figure 1). In the absence of betacatenin, LEF/TCFs do not activate their target genes because of the action of dominant-negative splicing variants and/or transcriptional repressors such as Groucho. Binding of beta-catenin to LEF/TCFs activates the transcription of a number of genes that regulate cell proliferation and tumor progression such as c-myc, cyclin D1, matrix metalloproteinase-7 and immunoglobulin transcription factor 2 (3, 6, 22).
Non-canonical Wnt/FZD signaling
In addition to the canonical pathway, Wnt ligands may activate at least two other pathways. The planar cell polarity pathway involves RhoA and JNK. Upon stimulation, JNK translocates to the nucleus and regulates the activity of multiple transcriptional factors such as c-jun, ATF2, Elk1, DPC4 and p53. This pathway controls the temporal and spatial tissue arrangement during embryonic development, but its role in carcinogenesis is uncertain (6, 22). The other pathway involves intracellular calcium signaling which is usually activated by the Wnt5a class of ligands. A gene microarray study showed that several canonical target genes were upregulated by Wnt1 but repressed by Wnt5a activity. The Wnt5a also inhibits B-cell proliferation and may be a tumor suppressor in hematopoietic malignancies (23). Another investigation reported that Wnt11 inhibited the canonical Wnt signaling pathway by multiple mechanisms including elevation of intracellular Ca 2+ (24). However, Wnt5a was found to be overexpressed in several tumors (25, 26) and led to an increased cell motility phenotype as well as enhanced invasion of metastatic melanoma cells (27) . Therefore, the role of Wnt/Ca 2+ signaling pathway in carcinogenesis will require further study.
ALTERATIONS OF THE CANONICAL WNT/FZD SIGNALING PATHWAY IN HEPATOCELLULAR CARCINOMA
HCC is the most frequent primary malignancy of the liver and causes 500,000 to 1 million deaths annually worldwide. Although hepatitis B (HBV) and/or C viruses (HCV) are well-known major etiologic agents, any disease predisposing to liver cirrhosis can be considered as risk factor for the development of HCC. Many therapeutic options have been employed in recent years including surgical resection, percutaneous ethanol injection therapy, radiofrequency ablation, transarterial chemoembolization and orthotopic liver transplantation. However, the prognosis is still quite grim especially in patients with advanced HCC and/or severe underlying liver disease. Therefore, it is important to develop a better understanding of hepatocarcinogenesis at the molecular level since signal transduction pathways appear to play a pivotal role in the pathogenesis of this devastating disease.
Nuclear and/or cellular accumulation of betacatenin is generally accepted as evidence of activated canonical Wnt/FZD signaling and this phenomenon may be demonstrated in tissues by immunohistochemical staining. It is a frequent event in various human tumors including colorectal, lung, breast, cervical, skin, and liver. In 33-67% of HCC, nuclear and/or cellular accumulation of betacatenin has been described and was closely associated with the clinicopathological characteristics of the disease (28-30). Tumors with beta-catenin accumulations were generally associated with a poorly differentiated morphology (31), high proliferative activity (32), vascular invasion and dismal prognosis (30-32). There is also a significant correlation between beta-catenin accumulation and mutations (30). Although over 90% of colorectal carcinomas were reported to harbor APC or beta-catenin mutations (33), many HCCs with beta-catenin accumulation do not have either APC or beta-catenin mutations (30). These observations suggest that other elements of the cascade may be important in the upregulation of canonical Wnt/FZD signaling pathways during hepatocarcinogenesis. Indeed, there is accumulating evidence to support this hypothesis.
Wnt ligands and their regulatory proteins
Although many studies have investigated the role of Wnt/FZD signaling, there is scant direct evidence to suggest that Wnt ligands themselves play an important role during carcinogenesis. Several Wnt ligands were reported to be upregulated in some tumors in a tissue-specific manner. For example, Wnt1, 7a, 10b, and 13 mRNA levels were increased in squamous cell head and neck carcinomas (34) and Wnt11 overexpression was reported in prostate and gastric tumors (35, 36). However, most of the studies evaluated only mRNA and not protein levels due to the lack of available antibodies or difficulties in expressing Wnt ligands in cells. For these reasons, little is known about the types of Wnt ligand(s) expressed or if there are any alterations of their expression profiles in HCC.
The WIF-1 protein has an N-terminal signal sequence, a highly conserved WIF domain and 5 epidermal growth factor-like repeats. Although WIF-1 is structurally unrelated to the CRD of FZD receptors or sFRP (37, 38) , it binds to Drosophila Wingless and Xenopus Wnt8, and inhibits the Wnt8-FZD2 interaction. Ectopic expression of WIF-1 in human gastrointestinal cancer cells revealed that it inhibited colony formation, cell proliferation and anchorage-independent growth in soft agar and these findings are consistent with its proposed role as a tumor suppressor (39) . Down-regulation of WIF-1 has been reported in many cancers including breast, lung, prostate and bladder (40, 41) and a recent study revealed that 91% of gastrointestinal cancer cell lines including all 6 HCC cell lines had decreased expression of WIF-1. The downregulation of WIF-1 was also found in 75-80% of human esophageal, gastric, colorectal and pancreatic tumor tissues. However, there was no significant association between WIF-1 down-regulation and clinicopathological characteristics of disease suggesting that WIF-1 might be involved in an early event of tumor development. The down-regulation of WIF-1 is usually mediated by promoter hypermethylation and mRNA expression was closely correlated with protein expression level (39) . However, the WIF-1 expression profile in human HCC has not been determined.
The sFRPs are soluble secreted proteins bearing homology to the CRD of FZD. Therefore, such molecules can bind to Wnt ligands and act as a competitive inhibitor for FZD mediated signaling. Consistent with their role in oncogenesis is the finding of down-regulation of sFRP expression in several esophageal, gastric and colorectal cancers. The expression of sFRP(s) is mainly regulated by promoter hypermethylation (42, 43) . However, a role for these proteins in carcinogenesis is controversial. For example, sFRP was upregulated in breast tumors (44) and promoted growth of glioma cell lines (45) . Based on recent titration experiments however, sFRP-1 enhanced Wnt signaling at low concentrations while at higher levels it inhibited signaling (46) . Another previous study revealed that sFRP-2 resulted in the intracellular accumulation of beta-catenin and conferred anti-apoptotic properties to MCF-7 cells (47) . Their role in carcinogenesis can be variable depending on the type of cells and tissues studied or expression levels. For example, sFRP-1 was downregulated in a c-myc/E2F1 transgenic mouse model of HCC (48) consistent with its role as a tumor suppressor; however, measurement of sFRP levels or methylation status has not been determined in human HCC.
FZDs
The FZDs are frequently upregulated in tumor cell lines and tissues. Upregulation of FZD2, FZD3, and FZD7 were found in esophageal and gastric cancers and other FZDs such as FZD8, FZD9, and FZD10 were enhanced in gastric adenocarcinomas as well (49) (50) (51) . In colorectal cancer, overexpression of FZD1 and FZD2 was associated with poorly differentiated carcinomas (52) . Overexpression of FZDs was usually associated with activation of downstream beta-catenin signaling as demonstrated by increased nuclear accumulation of betacatenin by immunostaining. In HCC, FZD7 was markedly upregulated both in transgenic mouse models of HCC and human tumors. Recently, 4 different HCC transgenic mouse models produced by overexpression of c-myc or SV40-Tag alone or IRS-1/c-myc and HBx/c-myc double transgenes were studied. The FZD7 gene was the only FZD mRNA species that was upregulated in all 4 models of hepatocarcinogenesis as measured by real-time reverse transcription polymerase chain reaction (RT-PCR) assays. In contrast, FZD8 mRNA was downregulated. The upregulation of FZD7 protein was also confirmed by Western blot analysis. In addition, there was decreased Thr 41/Ser 45 phosphorylation of beta-catenin and increased accumulation of the protein within the cell. Interestingly, overexpression of FZD7 was observed not only in murine and human HCCs but also in surrounding peritumoral and dysplastic liver tissues and this observation suggests that it may be an early event in hepatocarcinogenesis (53, 54) . In HCC cell lines, FZD7 gene expression was associated with increased nuclear accumulation of beta-catenin and increased cell motility; furthermore, expression of a dominant-negative FZD7 receptor mutant inhibited HCC cell migration and invasion (54) . In human HCC tumors, FZD7 expression was increased in 90% compared to adjacent nontumorous tissue. However, 77% of nontumorous surrounding liver tissue already had displayed low level FZD7 overexpression compared to normal liver which further supports the concept of an early event in human hepatocarcinogenesis (figure 2A, 2B). Another important finding was that nuclear accumulation of betacatenin was observed in HCC tissues containing only wildtype beta-catenin gene in the context of high-level FZD7 expression ( figure 2C ). This observation implies that upregulation of FZD7 was sufficient to activate the canonical Wnt/FZD signaling pathway without mutations in beta-catenin or other components of its destruction complex (54) . However, the molecular mechanisms of how FZD7 is upregulated during hepatocarcinogenesis are unknown. In another c-myc/E2F1 transgenic mouse model of HCC, upregulation of FZD1 and FZD2 was demonstrated by Western blot analysis especially in tumors with nuclear accumulation of beta-catenin although the levels of FZD7 mRNA and/or proteins were not evaluated in this study (48) . The expression profile of FZDs other than FZD7 has not been reported with human HCC.
LRP5/6 and Dkk
Shortly after the discovery of FZDs as Wnt receptors, the Drosophila segment polarity gene, arrow, was identified as a co-receptor for Wnt/FZD interaction. The product of arrow is a single-pass transmembrane protein that is homologous to LRP5 and LRP6 in mammals. The Wnt ligand, FZD and LRP5/6 form a ternary complex, which interacts with Dsh and axin (15, 16) . Targeted disruption of LRP6 in mice showed multiple developmental anomalies that resemble a combination of several Wnt gene knockout phenotypes (55) . Therefore, they are now considered as essential elements of the canonical Wnt/FZD signaling pathway and mutations of LRP5 have been linked to diseases with skeletal abnormalities (56) . However, little is known about their roles in carcinogenesis. LRP6 mRNA is readily expressed in normal human tissues including lung, colon, kidney and small intestine as well as malignant cell lines and human tumors. It has been reported that overexpression of LRP6 altered subcellular distribution of beta-catenin and induced a decrease in the E-cadherinbound pool with a concomitant increase of the cytosolic pool without affecting the total amount of cellular betacatenin (57) . Expression of truncated forms of LRP6 that are missing their extracellular domain can also activate this signaling pathway in both a Wnt-and FZD-independent manner (58). These mutations have not yet been demonstrated in human tumors and the role of aberrant LRP5/6 expression during carcinogenesis needs to be better defined. However, one study revealed that LRP5 mRNA expression was significantly correlated with beta-catenin accumulation, tumor metastasis and a trend toward decreased event-free survival in patients with osteosarcoma (59 
Dsh
Dsh is an immediate downstream molecule of FZD signaling. When Wnt ligand(s) binds with FZD and LRP5/6, Dsh is phosphorylated and in turn recruits axin to dissociate the beta-catenin destruction complex by an unknown mechanism. Overexpression of Dshs has been demonstrated in non-small cell lung cancer, mesothelioma and cervical cancer and was associated with beta-catenin accumulation (63) (64) (65) . Dsh1 was also upregulated in a cmyc/E2F1 transgenic mouse model of HCC especially in tumors with beta-catenin activation (48) . Moreover, a recent study showed that the human homologue of Dapper 1 (HDPR1), a novel inhibitor of Dsh that can bind to the PDZ domain of Dsh was downregulated in 58% of human HCCs and this event significantly correlated with betacatenin accumulation. Downregulation of HDPR1 was also associated with hypermethylation of the promoter region (66).
Beta-catenin
Beta-catenin was originally discovered as an element of the cellular adherence junction complex consisting of E-cadherin, beta-and alpha-catenins and actin. Beta-catenin has a core domain of 12 armadillo repeats, which can bind to cadherin, APC, axin/conductin and TCFs in a mutually exclusive manner. The N-terminal domain binds to alpha-catenin and has serine and threonine residues phosphorylated by GSK-3beta which are essential for recognition by ubiquitin ligase beta-TrCP. Activating mutations usually occur in or around exon 3 of the gene encoding beta-catenin (CTNNB1), affecting the putative phosphorylation sites for GSK-3beta. Thus, mutated betacatenin can escape from phosphorylation and subsequent degradation and the net result is cytoplasmic and/or nuclear accumulation (67) . Interestingly, mutations of beta-catenin and APC genes are mutually exclusive in colorectal cancers (68, 69) suggesting that just one hit of any components of beta-catenin and/or components of its destruction complex is sufficient for activation of beta-catenin/TCF signaling in the nucleus.
The reported frequency of beta-catenin mutations in human HCCs ranges from 8% to 34% (30, [70] [71] [72] [73] [74] and it is the most common genetic abnormality involving the Wnt/FZD signaling system. Frequent genetic alterations include missense mutations involving codons 32 and 45 (30). Several studies have shown that beta-catenin mutations are more common in HCV-associated (25% to 41%) than that HBV-associated (9%) HCCs (29, 75). A similar observation was made from an extensive analysis of allelotypes as well as p53, axin1 and beta-catenin gene mutations. In this study, the authors suggest that HCCs could be classified into 2 groups according to the chromosome stability status. In one group, HCCs showed widespread chromosomal instability that was characterized by frequent allelic losses and these tumors were usually associated with HBV infection. The most frequent allelic losses were on chromosome 1p, 4q, 4p, 9p, 13q, 16p, 16q , and 7p. In the other group, tumors showed chromosomal stability and beta-catenin mutations associated with a chromosome 8p loss were the most common genetic alteration. Beta-catenin mutations were found in 19% of HCCs and most (88%) occurred in tumors that were unrelated to HBV induced liver disease (76) . Although one study reported that mutations in CTNNB1 gene were associated with a subset of low-grade HCCs negative for HBV and with a favorable prognosis (29), it was subsequently shown not to be a predictive factor for longterm survival (30, 76). Interestingly, high mutation rates of beta-catenin gene were shown to be present in hepatoblastoma, a primary liver malignancy affecting children. This liver tumor has the highest rate of betacatenin mutations ranging from 52% to 89% (77, 78) .
APC
The APC gene encodes a large (312 kDa) protein with multiple diverse functions involved in cell migration, adhesion, cell cycle regulation and chromosomal stability. However, one of its most important roles involves the regulation of cellular beta-catenin levels. The APC gene is located on chromosome 5q and includes regions containing three 15-amino acid and seven 20-amino acid repeats. Both of these domains are known to bind beta-catenin and the 20-amino acid repeats have an important function in downregulating beta-catenin levels in the cell. The SAMP motifs (Ser-Ala-Met-Pro) within the 20-amino acid repeats are involved in the binding of axin/conductin. Germline mutations in the APC gene cause familial adenomatous polyposis (FAP). Patients with FAP develop numerous adenomatous polyps throughout the entire colon which can progress at any location to invasive carcinomas (3, 6, 22). APC is also the most common genetic abnormality in sporadic colorectal tumors and approximately 80% have mutations in this gene. Most of these somatic mutations are clustered between codon 1250 and 1500 in exon 15 and are frame-shift mutations or mutations that result in the generation of a premature stop codon. Typically, one allele is inactivated by a truncating or frame-shift mutation and the other is inactivated by deletion of chromosome 5q. Mutations in the APC gene are known to be involved in a very early stage of progression from adenoma to carcinoma (33, 79). Although HCC is not a tumor commonly associated with FAP, liver-targeted disruption of the APC gene activated beta-catenin signaling and led to the development of HCC in mice. There have been two case reports of HCC arising in patients with FAP (80). However, APC mutations have a surprisingly limited role in human hepatocarcinogenesis. Indeed, inactivating mutations of APC are quite rare and sporadic in human HCCs and are generally not detected even in tumors lacking beta-catenin mutations (73, 81) . In contrast, hepatoblastomas have developed as an extracolonic manifestation of FAP (82).
Axin/Conductin
Axin1 and its homologue conductin, also called axin2, bind directly to APC, beta-catenin, GSK-3beta, CK1 and Dsh thereby acting as the scaffold of the beta-catenin destruction complex (83) . The N-terminal region binds to APC while its central region binds to GSK-3beta and betacatenin. The C-terminal region binds to Dsh and this interaction leads to dissociation of the beta-catenin destruction complex (22). In the absence of axin, GSK3beta will phosphorylate beta-catenin at a very low rate while the addition of axin can overcome this defect (84) . Axin1 mutations have been detected in some colon cancer cell lines and colorectal tumors without APC or betacatenin mutations. These mutations are usually involved in either the Dsh-or GSK-3beta-binding sites (85) . Overexpression of axin1 in mammalian cell lines results in a decrease of beta-catenin levels and results in suppression of TCF-dependent gene transcription (86) . Axin1 mutations are the second most common genetic abnormality that involves beta-catenin and components of its destruction complex in HCC. About 50% of the HCC cell lines without beta-catenin mutations and 8% of human HCCs harbor axin1 mutations (70, 76) . Half of axin1 mutations were point mutations whereas the remaining gene alterations involve either a small homozygous deletion or duplication. Most mutations generate a stop codon, a frame-shift, or a deletion of a large part of the axin1 gene (76) . Importantly, axin1 mutations were also found to be mutually exclusive of beta-catenin mutations in human HCCs (70) . A recent study analyzed the mutation patterns of beta-catenin and axin1 in 81 HCCs and 33 dysplastic nodules. Although the mutation frequencies for beta-catenin and axin1 in HCCs were 16% and 6.2% respectively, no mutations were found in 33 dysplastic nodules examined. These findings imply that mutations of beta-catenin and axin1 are late events during human hepatocarcinogenesis (87) . Similarly, the axin1 mutation frequency was reported to be 7% in hepatoblastomas (74) .
Conductin/axin2 has a 45% amino acid homology with axin1 and exhibits all the binding and regulatory functions of that protein. Conductin/axin2 expression can be upregulated by activation of the Wnt/FZD pathway and the promoter region contains TCF-binding sites (6). Axin2 mutations were found in 2.7% of HCCs (74) and one study reported a 37.5% axin2 mutation rate in human HCC tissues that also demonstrated nuclear translocation of betacatenin (88) . It was of interest that the mRNA and protein levels of axin2 were increased in HCC tissues compared to surrounding nontumorous liver tissues and may reflect a negative feedback loop of Wnt signaling (89).
GSK-3beta
The GSK-3beta protein is a serine/threonine kinase originally discovered as a component regulating glycogen metabolism (90) . Unlike most cellular protein kinases, GSK-3beta is constitutively active in the resting state and preferentially phosphorylates substrates that are pre-phosphorylated by a priming kinase. Phosphorylation of substrates by GSK-3beta usually results in inhibition of their function. Several stimuli such as insulin, insulin-like growth factors (IGFs), epidermal growth factor, Wnt, or integrin signaling cause rapid and transient suppression of GSK-3beta activity (91, 92) . Inhibition of GSK-3beta activity is usually mediated by phosphorylation of the Ser 9 residue. Upon phosphorylation, it folds back onto itself, thereby preventing the active kinase site from binding to the primed substrate. Insulin and IGF-1 inhibit GSK-3beta through a phosphatidylinositol 3-kinase (PI3-K)/Akt signaling pathway. Inhibition of GSK-3beta results in dephosphorylation of glycogen synthase and eukaryotic initiation factor 2B (eIF2B) thereby increasing glycogen and protein synthesis (92, 93) . In addition to its role in glycogen metabolism, GSK-3beta is involved in cell cycle, gene transcription and cell survival functions. As mentioned above, the GSK-3beta plays a central role in beta-catenin phosphorylation and degradation as a component of the canonical Wnt/FZD pathway. The phosphorylation on Ser 33 and Ser 37 residues of betacatenin is crucial for recognition by the ubiquitin ligase beta-TrCP (94) . For efficient phosphorylation of Thr 41, Ser 37, and Ser 33 residues by GSK-3beta, beta-catenin needs to be phosphorylated on Ser 45 residue by CK1. Interestingly, although CK1 acts as a priming kinase for GSK-3beta, a recent study showed that the phosphorylation status of Ser 45 was not changed upon Wingless stimulation in Drosophila cells (95) . Therefore, the role of CK1 in this process is not fully defined. In addition to betacatenin, axin and APC are also phosphorylated by GSK3beta. Phosphorylation of axin and APC are important for stability and high affinity binding to beta-catenin (96) (97) (98) . It is apparent that GSK-3beta is a major negative regulator of Wnt signaling and surprisingly, mutations involving the GSK-3beta gene have not been detected in human cancers (22). This finding could be due, in part, to GSK-3beta involvement in other pathways essential for cell survival.
The regulation of GSK-3beta involved in the Wnt/β-catenin pathway is different from that found in insulin/IGF-1 signaling. Under resting conditions, Dsh interacts with axin and Frat1, while GSK-3beta binds to axin and Frat1 but not to Dsh. Therefore, there exists a quaternary complex consisting of GSK-3beta, axin, Frat1, and Dsh. Following Wnt stimulation, Dsh undergoes phosphorylation and a conformational change which in turn result in Frat1-mediated dissociation of GSK-3beta from axin. As GSK-3beta dissociates from axin, phosphorylation of beta-catenin will not occur. The effect of Ser 9 phosphorylation of GSK-3beta on Wnt signaling is controversial. In human embryonic kidney-293 cells, stimulation with Wnt decreased GSK-3beta activity; however, this reduction of activity did not correlate with Ser 9 phosphorylation (99). A similar observation was made in Drosophila cell experiments. Treatment with Wingless did not result in phosphorylation of Ser 9 residue on shaggy (sgg)/Zeste-white3, the Drosophila orthologue of GSK-3beta despite an increase in armadillo levels. Moreover, insulin-mediated phosphorylation of Ser 9 did not affect armadillo levels as well (100) . Therefore, some authors have suggested that GSK-3beta, involved in betacatenin regulation, is not influenced by the insulin/IGF-1 signaling pathway. In contrast, phosphorylated GSK-3beta was markedly elevated in HCC cell lines (101) and exogenous insulin and IGF-1 resulted in beta-catenin stabilization through inhibition of GSK-3beta activity (102) . Suppression of GSK-3beta phosphorylation also decreased beta-catenin activity (101) . Increased phosphorylated GSK-3beta was observed in several transgenic mouse models of HCCs and was prominent in HCCs with beta-catenin accumulation (48, 53) . The phosphorylated form of GSK-3beta was increased in human HCC tissues as well and correlated with cellular accumulation of beta-catenin (103) . These results suggest that increased phosphorylation of GSK-3beta may be associated with alteration of Wnt/FZD signaling during hepatocarcinogenesis and there may be a cross talk between insulin/IGF-1 and Wnt/FZD signaling pathways.
LEF/TCFs
Once beta-catenin translocates into the nucleus, it binds to the N-terminal region of LEF/TCFs via its armadillo repeats and activates transcription of target genes. Although beta-catenin possesses multiple transactivating elements, the protein does not have a DNA binding domain. In contrast, LEF/TCFs transcription factors can bind directly to DNA through their highmobility group (HMG) box of around 80 amino acids but they cannot activate gene transcription. Therefore, betacatenin serves as a co-activator of LEF/TCFs and this activity is localized to the C-terminal region of the molecule (6, 22, 67). Indeed, fusion of the C-terminal region of armadillo to TCF revealed a beta-catenin independent transcriptional activation mechanism (104). The LEF/TCFs not only provides the binding site to DNA for beta-catenin but also exerts other inhibitory functions on target genes. Introduction of artificial mutations on the TCF binding sites of many target genes including cyclin D increased their basal activities suggesting that LEF/TCFs can repress transcription of their target genes under basal conditions (105) (106) (107) . These inhibitory functions are mediated by binding proteins such as the Groucho/TLE, Cterminal binding protein (CtBP) co-repressor and CREB binding protein (CBP) (67) . The human LEF/TCF family consists of four members designated TCF-1, LEF-1, TCF-3, and TCF-4. All 4 monomeric proteins have a highly conserved HMG box that binds to DNA in a sequencespecific manner. The HMG box is also involved in "bending" of DNA, which opens up the binding sites for various transcription factors. The LEF/TCFs are normally expressed during embryogenesis but are downregulated in most tissues after terminal cellular differentiation. However, TCF-4 is expressed in gut epithelium throughout life and TCF-4 -/-transgenic mice show a complete absence of the stem cell compartment in the crypts of the small intestine (108) implying that TCF-4 functions to maintain this early progenitor cell population. The expression of TCF-4 and LEF-1 has been reported in both liver and HCC. Interestingly, LEF/TCF mRNAs undergo extensive alternative splicing. In addition, TCF-1 and LEF-1 use two alternative promoters (109, 110) . Theoretically over 100 isoforms can be produced in the case of TCF-1 although Western blot analysis revealed the predominant expression of only 8 isoforms (109) . Although the functional relevance of alternative splicing is not clear, it may provide preferential activation of different target genes. In the case of alternative usage of different promoters, one protein will be full-length but the protein derived from the other promoter will be a N-terminal truncated form lacking the beta-catenin binding domain. This protein may occupy the binding sites in DNA and inhibit beta-catenin/TCFmediated transcriptional activation of target genes. Therefore, a decrease in the N-terminal truncated form of LEF/TCFs may be associated with carcinogenesis. Mutations of the TCF-4 gene have been described in colorectal carcinomas and cell lines with microsatellite instability (39% and 50%, respectively) and most were characterized as frame-shift mutations (111) .
In HCC, one study detected mutations in exon 15 of TCF-4 gene in 2 of 32 HCCs (6.25%) using PCR-single strand conformation polymorphism; however, the functional consequences of these mutations are not known (112) . Another study found no mutations of the TCF-4 gene in 34 human HCC tumors (113) . Although mutations of the TCF-4 gene are rare, both studies report increased levels of TCF-4 mRNA in HCC tissues. Enhanced TCF-4 mRNA levels was closely associated with intrahepatic metastasis or c-myc overexpression. Another member of the TCF family, LEF-1 was increased in HCC tissues by immunohistochemical analyses and associated with enhanced nuclear cyclin D1 expression. However, the expression of LEF-1 was not correlated with any clinicopathological parameters of HCC (114) . Therefore, it is uncertain whether overexpression of TCF-4 or LEF-1 is a primary event or merely reflects an activated Wnt/FZD signaling cascade in HCC; alterations of LEF/TCF isoform expression patterns have not yet been determined.
Target genes
A considerable number of the downstream target genes of Wnt/FZD signaling cascade have been described and many regulate cell cycle and proliferation. The bestknown beta-catenin-regulated genes are c-myc and cyclin D1. The c-myc and cyclin D1 promoters contain TCFbinding sites which mediate the transcriptional activation by the TCF/beta-catenin complex. Dominant-negative forms of TCF have been shown to reduce c-myc and cyclin D1 expression in colorectal cancer cell lines (107, 115) confirming that both genes are regulated by the TCF/betacatenin complex. Overexpression of c-myc has been found in a number of cancer cell lines and human tumors. However, the role of c-myc and its relationship with betacatenin overexpression in HCC is unclear. In the immortalized murine hepatocyte cell line AML12, introduction of a mutant beta-catenin construct activated cmyc and cyclin D1 and promoted cell proliferation and survival (116) . A similar observation was made in a human HCC cell line; a dominant-negative form of TCF-4 decreased the expression of c-myc and cyclin D1 and suppressed the growth of BEL-7402 cells (117) . In albumin promoter regulated-SV40 T antigen expressing transgenic rats, the expression of c-myc mRNA and protein was increased in focal hepatic dysplasia and HCCs (118) . However, c-myc expression was not increased in murine models of HCC induced by various chemical agents even though 43% of HCCs had beta-catenin gene mutations (119) . Furthermore, although transgenic mice expressing an oncogenic form of beta-catenin developed hepatomegaly resulting from cell proliferation, neither c-myc nor cyclin D1 was overexpressed in the liver tissues (120 (121) . Another study reports that amplification of the c-myc gene was more common in multi-nodular recurrent HCCs or HCCs with metastasis (122) . Other immunohistochemical studies demonstrated that c-myc expression was related to early recurrence after tumor resection and correlated with a poorly differentiated morphology (123, 124) . One investigation showed that overexpression and/or mutations of beta-catenin were closely correlated with c-myc overexpression in human HCCs (113) . In contrast, Prange et al reports that cyclin D1 and c-myc expressions were not correlated with nuclear beta-catenin accumulation by immunohistochemical staining and were independent of the histologic grade of tumors (125) . Yet in another investigation, the expression of c-myc in HCC tissues was decreased compared to the adjacent nontumorous tissues and expression was inversely correlated with the grade of differentiation (126) . In a recent study that analyzed both c-myc amplification and protein expression in HCC tissues, 30% of HCCs demonstrated c-myc amplification compared to chronic liver disease and normal liver. However, even though there was c-myc gene amplification, the HCCs showed less c-myc nuclear staining than those in the liver derived from chronic diseases; more important, there was no relationship between c-myc amplification and protein expression levels. Decreased nuclear c-myc protein staining in HCC was associated with a more aggressive phenotype (127) . The cyclin D1 gene regulates the G1/S transition phase of the cell cycle and is overexpressed in several human tumors. There is conflicting data regarding its role in HCC. For example, cyclin D1 expression has been shown to be present in HCCs but was not necessarily associated with the nuclear accumulation of beta-catenin (125, 128, 129) .
In addition to c-myc and cyclin D1, several other genes have been identified as potential targets for betacatenin activation in liver. These genes regulate glutamine metabolism, orphan G-protein-coupled receptor, Gpr49, epidermal growth factor receptor and leukocyte cellderived chemotaxin 2. Expression of these target genes were discovered in transgenic murine models overexpressing wild type or mutant beta-catenin genes or were identified in human HCCs or hepatoblastomas exhibiting beta-catenin overexpression and/or mutations (130-133). The Wnt-induced secreted proteins (WISPs) are another protein family described as downstream targets of Wnt/FZD signaling which is frequently altered in human HCC. Human HCC cell lines have been found to express WISP1, WISP1v, and WISP3 mRNA and alternative spliced variants of WISP1 and WISP3 have been identified as well. Therefore, alteration of WISPs levels and/or isoform pattern expression may be associated with HCC (134).
CONCLUSIONS AND PERSPECTIVES
The role of Wnt signaling pathway has been of great interest in understanding the molecular pathogenesis of human tumors including HCC. In many tumors, the aberrant levels of beta-catenin in the cytoplasm and nucleus appears to be an important event leading to inappropriate transcription of various target genes involved in oncogenesis. The abnormal beta-catenin accumulation is mainly due to various mutations of beta-catenin, APC, and axin genes in colorectal carcinomas and other tumors. However, these mutations are relatively rare in HCC, which implies that the regulation of the Wnt pathway can be affected by the overexpression of other components such as upstream Wnt ligands and FZD receptors without these genetic alterations. Nevertheless, it is unknown which Wnt ligand(s) and/or FZD receptors are responsible for activation of the beta-catenin pathway in HCC and further studies will be required. Additional research will need to define more completely the target genes involved in the Wnt pathway in HCC. Given the general importance of this pathway in tumor development, discovery of new TCF/beta-catenin responsive target genes will be of great interest. Several components of this signaling cascade such as GSK-3beta and factors involved in the ubiquitylation degradation machinery appear to be regulated by stimuli different from the Wnt ligands and could represent entry points for a cross talk to other signaling systems. Finally, a better definition of the role of the canonical Wnt pathway during hepatocarcinogenesis may reveal new molecular targets for therapy of HCC.
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